Abstract. The strongly nonlinear interaction between elements in discrete materials (e.g., grains in granular media) is responsible for their unique wave propagation properties. The paper will present an experimental observation of impulse energy confinement and the resultant disintegration of shock and solitary waves by discrete materials with strongly nonlinear interaction between elements. Experiments and numerical calculations will be presented for alternating ensembles of high-modulus vs orders of magnitude lowermodulus chains of spheres of different masses. The trapped energy is contained within the "softer" portions of the composite chain and is slowly released in the form of weak, separated pulses over an extended period of time. This effect is enhanced by using a specific group assembly and a superimposed force.
INTRODUCTION
One-dimensional chains of beads represent the simplest example of strongly nonlinear systems. They exhibit a very unique dynamic behavior, especially at the interface between two different granular systems [1] [2] [3] [4] [5] or at the interface between the granular media and solid matter [6] . In the past, the design of shock protectors focused mainly on the enhanced energy dissipation provided by layered systems or by the friction in granular media, i.e. granular beds composed of iron shot [2] (the waste from metallurgical plants). Yet another way of protecting materials may be realized exploiting the unique dynamic properties observed at the interface of two strongly nonlinear media. Theoretical analysis [3, 4] predicted the possibility of designing a novel shielding medium called a "granular container" acting through the confinement of an impulse. The study of these one-dimensional cases is of general interest for developing the fundamental understanding of the strongly nonlinear behavior of these complex media. Practical applications can subsequently arise extending the properties of the 1-D system to a three dimensional array of ordered granular chains [7] facilitating the development of metamaterials with strongly nonlinear properties for various applications, as it has happened in the case of weakly nonlinear wave dynamics [8] .
The nonlinear Hertzian contact interactions between the elastic spherical particles composing the system is responsible for the dynamic nonlinearity and results in a power-law type dependence of the compressive force (F) on displacement ( ). In the case of zero or very weak precompression (resulting in zero or very small sound speed, i.e. "sonic vacuum" (SV) type systems) the corresponding wave equation supports a qualitatively new solitary wave [2] . A peculiar property of the granular media derives from the possibility of "tuning" the type of stationary solution produced by the system by varying the precompression acting on the chains [2, 9, 10] . This allows "choosing" the regime of wave propagation or the reflection from the interfaces of two SVs according to the needs for each specific application.
The passage of a solitary wave through the interface of two SV type systems from a region of particles with a higher elastic modulus (or higher mass) to a region of lower elastic modulus (or lower mass) results in the impulse decomposition into a train of solitary pulses [1] [2] [3] [4] [5] 11] . The reflection from light and heavy inclusions was earlier proposed as a technique for nondestructive identification of impurities in a granular medium (with implications in the analysis/detection in geological or biological fields) [12] .
JOURNAL DE PHYSIQUE IV
In this paper we present some important steps in understanding the interface dynamics of composite 1-D strongly nonlinear systems based on polymer/steel chains under different configurations. Firstly we analyze the behavior of pulses propagating through a single interface, and secondly we present the design of an efficient energy trapping device as an active protector.
EXPERIMENTS AND NUMERICAL ANALYSIS
To study the properties of interface interaction we assembled chains of nonmagnetic stainless steel particles, PTFE (polytetrafluoroethylene) beads and Parylene-C coated steel beads in different configurations. Piezogauges were placed inside particles measuring the averaged compression forces between the corresponding two contacts as in [13] . Magnetically induced precompression was induced on the system adding a Neodymium-Iron-Boron ring magnet (internal and external diameters 11.43 mm, 53.34 mm respectively, with mass 242.2 g from Dexter Magnetics Technologies) around the PTFE cylinder containing the chain. Throughout the whole chain the precompressive force so obtained was 2.38 N. For comparison with experiments a system of second order differential equations was reduced to the first order equations and numerical calculations were performed using Matlab considering particles as rigid bodies connected by nonlinear springs according to Hertz law for contact interaction of spheres. Pulse interaction with the interface of the two SVs composed of particles with different masses and elastic moduli with incident pulse coming from the "soft" section. The corresponding sections are composed from 20 PTFE and 21 stainless steel beads. An additional magnetic steel particle is added on the top of the PTFE chain to allow magnetic precompression. In (a) and (b) the curves corresponds to sensors placed in the 14th particle (8th particle from the interface), the 18th particle (4th from interface), the 25th particle (4th steel from the interface), and 28th particle (7th steel bead from the interface). In the experiment corresponding to Figure 1 the soft/lighter (PTFE beads, 0.123 g and E = 1.46 GPa [13] ) portion of the chain was placed on top and the hard/heavier (316 steel beads, 0.45 g and E = 193 GPa [14] ) portion of the chain at the bottom. The data corresponding to the wave behavior the non-magnetically precompressed chain is presented in Fig. 1(a) and the one obtained from the statically prestressed chain is shown in Fig. 1(b) . Figure 1 (c) and (d) show the displacement ( ) vs. time (t) curves relative to the motion of the last 5 PTFE particles before the interface and the first 2 stainless steel beads after the interface, when testing under only gravitational precompression and under gravitational plus magnetically induced precompression correspondingly.
A second set of experiments was performed placing the steel beads chain on the top and the PTFE chain of beads at the bottom (inverted setup as compared to the Fig. 1 case) . The experiments and corresponding numerical analysis are presented in Fig. 2 for the only gravitationally loaded chain ( Fig. 2(a) and (b) ) and the gravitationally and magnetically pre-compressed system (Fig. 2(c) and (d) ). Similar experiments and numerical analysis were performed on the same system using an interfacial particle with a flat bottom side as a contact between the steel and PTFE portions of the system. 
Pulse interaction with the interface of the two SVs composed of particles with different masses and elastic moduli with incident pulse coming from the "rigid" section [5] . The system is composed of 20 stainless steel particle on top and 21 PTFE beads at the bottom. An additional magnetic steel particle is added on the top of the stainless steel chain. In all figures sensors are placed in the 14th particle (8th particle from the interface), the 18th particle (4th from interface), the 25th particle (4th PTFE from the interface), and 29th particle (8th PTFE from the interface). Pulse interaction with the interface of two SVs with similar masses of the particles with large difference in elastic moduli with incident pulse coming from "rigid" section. The system is composed of 20 stainless steel particle on top and 21 Parylene-C coated beads at the bottom. An additional magnetic steel particle is added on the top of the stainless steel chain. In all figures sensors are placed in the 14th particle (8th particle from the interface), the 18th particle (4th from interface), the 25th particle (4th Parylene-C coated from the interface), and 29th particle (8th Parylene-C coated from the interface). The flat interface was introduced to assure a Hertzian type of interaction between the very soft PTFE sphere and the rigid plane surface (stainless steel) in experiments and to monitor the wave propagation behavior when interfacial properties of the system have changed. An additional set of experiment to understand the phenomena of wave propagation behavior through a hard/soft interface was performed placing the chain of steel beads on the top of a chain composed of Parylene-C coated beads (see Figure 3 ). The peculiarity of this interface stems from the fact that the steel beads and the parylene coated beads have practically the same mass (0.45g) but very different elastic modulus (2.76 GPa for the Parylene-C coated beads) [15] .
A final set of experiments was performed on a composite system assembled from alternating ensembles of steel/PFTE beads in order to exploit the interfacial phenomena described earlier. In these experiments the beads were assembled as in Fig. 4(a) and the system was tested under single solitary pulse propagation and shock-like impacts (Fig. 4(b-d) ), with and without the addition of static precompression.
DISCUSSION
The wave propagation at the interface of PTFE/Steel chains is described in Figure 1 . Under the investigated conditions of impact a train of 4 solitary waves is quickly emerging at the vicinity of the impacted end (the mass of impactor and the mass of the end magnetic particle were about 4 times the mass of the beads in the chain). This is a typical feature of strongly nonlinear systems [2] . The interaction of the incident pulse with the interface generates both transmitted and reflected waves detected by the gauges in the PTFE and the steel chains. A good agreement between experimental data ( Fig. 1(a) ) and numerical analysis (not shown) is observed. Magnetically induced preloading significantly increased the speed of solitary waves [14] in PTFE and steel chains. A less pronounced splitting of the initial pulse into the train of solitary waves is evident both in experimental and numerical data although the character of the reflection was qualitatively the same. A reasonable agreement is observed between the experimental and numerical data.
When testing under similar conditions the "inversed" setup, placing the steel portion of the chain on the top without the addition of the magnetically induced static prestress (See Fig. 2(a) and  (b) ), we observed a practically complete energy transfer of the pulse into the PTFE chain and the absence of any reflected compression wave [5] . When the additional static prestress (2.38 N) is added (see Fig. 2 (c) and (d) for experiments and numerical data correspondingly) an anomalous reflected wave was observed [5] . In addition to the expected reflected rarefaction wave we observed both in experiments and numerical calculations reflected compression waves! The leading reflected pulse has an amplitude of about one half of the amplitude of the incident wave. At the same time the leading transmitted compression pulse in PTFE chain is followed by unexpected rarefaction pulses. A peculiar characteristic of this reflected compression wave is related to its delayed time of arrival at the gauges inside stainless steel particles due to the opening and closing of gaps around the interface. This phenomenon mainly exists when the pulse is approaching the interface from the "stiffer" part of the system (larger elastic modulus, like in the case of the stainless steel/Parylene-C interface, or larger elastic modulus combined with larger mass as in the case of the stainless steel/PTFE interface). This difference is illustrated when compare Figs. 1(c) and (d) and Fig. 1 (c) and 2(c) in [5] . The replacement of the last bead of the stainless steel chain with a bead of equal mass but flat bottom interface resulted in similar results under the same testing conditions. Only small wave propagation variations seem to appear when replacing the spherical steel particle at the interface with a flat steel interface, showing consistency of the anomalous reflection results even with a planar interface.
The testing of a system composed of steel and parylene-C coated steel beads arranged in a setup analogous to Fig. 2 showed that the variation of the elastic modulus of the beads above and below the interface is sufficient to generate the anomalous reflected pulse. Figure 3(b) shows the effects of precompression on the single solitary pulse propagation through such system. The black arrow points at the anomalous reflected wave detected by the sensors in the stainless steel portion of the chain, after the interaction with the Parylene-C bottom section.
Finally, we present a new and efficient pulse-disintegration structure (see Fig. 4(a) ) that exploits the interface properties described in the earlier experiments. The pulse confinement in the softer region of the chain is related to the self assembly of gaps at the interfaces combined with the reflection of the pulse from the interfaces of the soft and rigid regions. These gaps allow the two softer regions of the chain to keep the energy trapped longer, therefore enhancing the protection of the wall. The gaps delay the wave reflection and propagation, and enhance the backward reflections from the heavy/light interfaces [11] .
The efficiency of soliton-like pulse trapping is presented in Fig. 4 (b) and (c) in the composite system with and without the addition of pre-compressive forces accordingly [11] . Under shock-type loading a drastic modification of the signal ramp time at the wall was obtained (see Fig. 4 (d) and (e) for gravitationally and magnetically and gravitationally prestressed systems correspondingly). The introduction of a magnetically induced precompression divided the signal reaching the wall into a series of subdivided pulses reducing the total force impulse even further. If properly configured, these grouped composite media can be building blocks for powerful energy absorbers against impacts, and can be useful as efficient protectors for technological and security applications.
CONCLUSIONS
The behavior of strongly nonlinear solitary waves propagating at the interface of two strongly nonlinear media is described under different experimental conditions and with systems composed of different materials, varying the mass and elastic properties of the beads in the arrangements. The discovery of an anomalous reflected pulse generated under the presence of a magnetically induced precompression is presented and the results are then applied to design a novel energy trapping protective system. The effectiveness of the novel trapping medium is tested under solitary-like pulse loading and under sock-like loading. The system proved effective in both cases and opens an all new area of possible investigations and applications.
